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Robust half-metallic ferromagnet of cubic VGe3Si4 
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To seek half-metallic ferromagnets compatible with the GeSi semiconductor, we use state-of-the- 
art density-functional-theory methods to study cubic VGe3Si4. After optimizing its crystal structure 
with various magnetic orders considered, we find the ferromagnetic structure is the ground state 
phase and investigate its stability, and then study its spin-resolved electronic structure with an 
improved method. Our calculated results show that the cubic VGe3Si4 is a half- metallic ferromagnet 
with half-metallic gap 350 meV, and it is structurally stable against deformations and magnetically 
robust against antiferromagnetic fluctuations. These results make us believe that the cubic VGe3Si4 
could be synthesized as good thin films soon and used in practical spintronic devices. 

PACS numbers: 75.30.-m,71.20.-b,75.50.-y,75.90.-fw 
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Half-metallic ferromagnetic materials can play impor- 
tant roles in high-performance spintronic applications be- 
cause their special electronic structures can supply high 
spin-polarization at high temperatures [l|, [^l • This kind 
of materials are special in the sense that one of their two 
spin channels is metallic and the other nonmetallic, which 
causes a spin-polarization of nearly 100% (there is a tiny, 
or small, modification due to the spin-orbit coupling ef- 
fect) at the Fermi energy Q. NiMnSb, Cr02, Fes O4, and 
Co2MnSi are typical examples for such materials [3|-l7|. 
Because of the central roles of semiconductor technology 
in modern electronic devices, it has been important to 
seek high-performance half-metallic ferromagnetic mate- 
rials compatible with important semiconductors |8l421|. 
Great advance has been achieved in transition-metal sub- 
stituted III-V and II- VI semiconductors, such as CrAs, 
CrSb, MnSb, and CrTe [lll-[20t. For semiconductor spin- 
tronic applications, it is of much interest to explore half- 
metallic ferromagnets based on the important group-IV 
semiconductors such as Si, Ge, and GeSi. 

In this Letter we use state-of-the-art full-potential 
density-functional-theory methods to study structural, 
electronic, and magnetic properties of cubic VGe3Si4 
based on the GeSi semiconductor. We optimize its crystal 
structure with various magnetic orders considered, and 
then investigate the structural and magnetic stability of 
the ferromagnetic structure as the ground state phase 
and study its spin-resolved electronic structure with an 
improved method. Our calculated results show that the 
cubic VGe3Si4 is a half-metallic ferromagnet with half- 
metallic gap 0.35 eV, and it is structurally stable against 
deformations and magnetically robust against antiferro- 
magnetic fluctuations. More detailed results will be pre- 
sented in the following. 

We use a full-potential linearized augmented-plane- 
waves method within the density functional theory 22l |. 
as implemented in package WIEN2k_l23[. We use the 
generalized gradient approximation ^24| to optimize the 
structures and calculate all the total energies, but we use 
a modified Becke- Johnson exchange potential [25!| to cal- 



culate the final density of states and energy bands to be 
presented because this method has been proved to give 
much better semiconductor gaps for various semiconduc- 
tors and insulators. Full relativistic effects are calcu- 
lated with the Dirac equations for core states, and the 
scalar relativistic approximation is used for valence states 
[26n28i] . The spin-orbit coupling is neglected because it 
has little effect on our results. We use 2000 k points in 
the first Brillouin zone, make harmonic expansion up to 
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10 in the atomic spheres, and set Rmt * k„ 
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The radii of the atomic spheres of V, Ge, and Si are set 
to 2.27, 2.16, and 2.01 atomic unit, respectively. The 
volumes are optimized in terms of total energy method, 
and the internal atomic position parameters with a force 
standard of 3 mRy/a.u. The self-consistent calculations 
are considered to be converged when the integration of 
the absolute charge-density difference between the input 
and out density is less than 0.0001 |e| per formula unit, 
where e is the electron charge. 

We construct the cubic VGe3Si4 by substituting V for 
the corner Ge atom in the unit cell of the crystalline 
GeSi with zincblende structure, as is shown in Fig. 1. 
The resultant structure has space group No. 215. We 
optimize its lattice constant and internal atomic posi- 
tion parameters. The optimized lattice constant equals 
5.632A and the internal Si position parameter is 0.2509. 
Its total magnetic moment is l.OOO/xs per formula unit, 
can be attributed to the 3d electron of the V"*"*" ion. The 
VGe3Si4 is a half-metallic ferromagnet, but its minority- 
spin conduction band bottom almost touches the Fermi 
level. In order to improve the results, we re-do the self- 
consistent calculation, with all the structural parameters, 
using an improved exchange-correlation method includ- 
ing the modified Becke- Johnson potential because this 
new method improves semiconductor gaps and d-state 
positions for various materials [25[. We present the den- 
sity of states between -5 eV and 3 eV in Fig. 2. It is 
clear that the majority-spin channel is metallic and the 
minority-spin channel has an energy of 0.93 eV across 
the Fermi level, and therefore the cubic VGe3Si4 is a 




FIG. 1; (color online) The crystalline unit cell of the cubic 
VGe3Si4 with space group No. 215. The largest balls (corner) 
represents V atoms, the medium (face-center) Ge, and the 
smallest (in the cube) Si. 



half-metallic ferromagnet with half-metallic gap 350 meV 
[29| . The spin- resolved bands between -8 eV and 4 eV are 
presented in Fig. 3. The two majority-spin bands across 
the Fermi level are from V 5d-eg doublet, and the lower 
bands in the energy window can be attributed to the p 
and s states from Ge and Si. The spin exchange splitting 
should be driven by the V d electrons. The minority-spin 
gap of 0.93 eV across the Fermi level, and hence the half- 
metallicity, is due to both the spin exchange splitting and 
the right position oiVd states in the GeSi gap. 

To investigate the robustness of the ferromagnetic 
order against possible antiferromagnetic fluctuations, 
we calculate the total energies for nonmagnetic struc- 
ture and three kinds of antiferromagnetic configura- 
tions, namely AFG (0.5,0.5,0.5)^, AFA (0,0,0.5)^, 
AFC (0.5,0.5,0)^. They are constructed by doubling the 
unit cell along the [111], [HO], and [001] directions, re- 
spectively. Our results show that the nonmagnetic struc- 
ture is 155 meV higher in total energy per formula unit 
than the ferromagnetic structure, and the three antiferro- 
magnetic structures are 49, 51, and 60 meV higher in to- 
tal energy per formula unit, respectively. Therefore, the 
ferromagnetic order of the cubic VGe3Si4 is indeed sta- 
ble against antiferromagnetic fluctuations, and these en- 
ergy differences indicate that a room-temperature should 
be reached for the Curie temperature. Since the half- 
metallic ferromagnets from II- VI and III-V semiconduc- 
tors have small values for the elastic modulus C , usually 
smaller than 10 GPa, it is important to calculate the elas- 
tic moduli, B, C, and C44, for the cubic VGe3Si4. All 
these calculated results are summarized in Table ID It 
is impressive that the C" value, the smallest among the 
three moduli, equals 23.3 GPa, substantially larger than 
those of the half-metallic ferromagnets based on II- VI 
and III-V semiconductors. This means that much better 
thin-film quality can achieved and therefore there will 
be a much better potential for high-performance device 
applications. 



TABLE I: The lattice constant (a), the Si position parameter 
(zx), the total moment (Mtot), the half-metallic gap (Ghm), 
the elastic constants {B, C' , C44) of the stable ferromagnetic 
structure, and the total energies of the three antiferromag- 
netic (AFG, AFC, AFA) and the nonmagnetic (NF) struc- 
tures with respect to the ferromagnetic structure (FM). 

a Zx Mtot Ghm 

5.632 A 0.2509 1.000 ^s 0.35 cV 



B 

70.9 GPa 



C 
23.3 GPa 



C44 
65.8 GPa 



FM 




AFG 
49. meV 



AFC 
51. meV 



AFA 
60. meV 



NF 
155. meV 



In summary, we find that the cubic VGe3Si4 is a half- 
metallic ferromagnet with a half-metallic gap 350 meV. 
We have optimized its crystal structure and investigated 
its crystal structure against deformations and the robust- 
ness of its ferromagnetic order against antiferromagnetic 
fluctuations. Our results show that its ferromagnetic or- 
der is stable, maybe enough to keep a Curie tempera- 
ture at room temperature, and C", the smallest among 
the three elastic moduli, reaches 23.3 GPa, substantially 
larger than those of the half-metallic ferromagnetic ma- 
terials based the II- VI and III-V semiconductors. These 
results make us believe that the cubic VGe3Si4 could be 
synthesized as thin films of enough thickness soon in the 
near future and used in spintronic applications. 
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FIG. 2: (color online) Spin-dependent density of states (DOS, in state/eV per formula unit) of the ferromagnetic VGe3Si4. The 
solid thick line represents the total DOS, and the dashed, dotted, dot-dashed, and thin solid lines describe the partial DOSs 
projected in the Si, Ge, and V atom spheres and the interstitial region, respectively. 




FIG. 3: Spin-dependent energy bands of the ferromagnetic VGe3Si4. The left-side panel shows the majority-spin bands and 
the right-side one the minority-spin bands. 
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